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DRUG-INDUCED HEMOLYTIC ANEMIAS
AND CONGENITAL GALACTOSEITIA*

EXA,'MPLES OF GENETICALLY DETER.iMINED DEFECTS IN

ERYTHROCYTE 1METABOLISMI

PAUL A. 1MXARKS and RUTH T. GROSS"*

S525P His discussion of "in-born errors" of erythrocyte metab-
j olismli is to be limited to a consideration of drug-sensitive

NT | 1henmolytic anemias and congenital galactosemia. Recent
g studies have established that both of these clinical syn-

E 2s p=0 dromes are associated witlh specific erythrocyte enzy-
matic deficiencies.

DRUG-SENSITIVE LI ELIOLYTIC ANE'MIAS

In 1948, Earle1 observed the occurrence of hemolytic anemia in
five to ten per cent of American Negro troops xvho had received
pamaquine in the therapy of malaria. Similar experiences were reported
following the use of primaquine-. These hemolytic episodes xvere
observed very rarely among American Caucasian troops. Alving and
his co-workers3, studying the mechanism of primaquine-induced hemo-
ytic anemia, observed that the hemolysis is self-limited. The lysis
of red cells is a function of cell age, the older cells being the more sus-
ceptible4. Red cells of sensitive individuals are normal morphologically
and have a normal life span unless challenged by a suitable agent'.
These cells have no detectable abnormal antibodies and no disturbance
either in osmotic or mechanical fragility5.

Defects in Ery throcyte Mlletabolismn. The erythrocytes of drug-sensi-
tive subjects do have intrinsic metabolic defects. Figure I illustrates cer-
tain of the reactions of erythrocyte mnetabolism w\vhich are affected, either
directly or indirectly, by the biochemical abnormalities in red cells
of these subjects. Erythirocyte glucose utilization involves the phos-
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Fig. I-Schematic representation of certain reactions of erythro-
cyte metabolism which are affected by the defect present in red
cells of subjects with a genetically determined predisposition to
drug-induced hemolytic anemias. Abbreviations employed: G-6-P,
glucose-6-phosphate; 6-P.G., 6-phosphogluconic acid; Ru-5-P, ri-
bulose-5-phosphate; TPN, triphosphopyridine nucleotide; TPNH,
reduced triphosphopyridine nucleotide; GSSH, oxidized glut-

athione; GSH, reduced glutathione.

phorylation of glucose to glucose-6-phosphate which in turn may be
metabolized either via the reactions of anaerobic glycolysis or of the
pentose phosphate pathway"' 7. The first of the oxidative reactions
of the pentose phosphate pathway results in the conversion of glucose-
6-phosphate to 6-phosphogluconic acid. This reaction is catalyzed by
the enzyme glucose-6-phosphate dehydrogenase, requires as a co-factor,
triphosphopyridine nucleotide (TPN) and generates reduced TPN
(TPNH). 6-Phosphogluconic acid is then oxidized to the five carbon
sugar, ribulose-5-phosphate. In this reaction, another molecule of TPN
is reduced to TPNH and CO2 is generated by the oxidation of the
first carbon of glucose. These reactions represent the only pathway in
mature erythrocytes for the production of reduced TPN and for the
oxidation of glucose to CO2.' 9. Red cells possess the enzyme glutathione
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DEFECTS IN ERYTHROCYTE iMETABOLISM4

reductase wvhich catalyzes the convcrsion of glutiathione (GSSG) to
reduced glutathione (GSH). This reaction requires as a co-factor,
TPNH, and results in the generation of TPN10.

The concentration of reduced glutathlionc in erythrocytes of drug-
sensitive sul)jects is generallyT lower than that of normal persons ",
though there is considerable overlapping of values'' l3* Beutler"4 has
described a "reduced glutathionlc stability? test" which permits thel
detection of primaquine-sensitive individuals by an in -citro assay. This
test is based on the finding that foilowino' the invllitro incubation of
red cells with acetylphenylhydrazine, erythrocytes from drug-sensitive,
but not from normal, suLjccts show a marked decrease in the con-
centration of reduced 'lutctathionc. Carson and his co-wx-orkecrs1' demlon-
strated that the erythrocytes of drugY-scilsitive persons are dcficient in
the enzvnme glucose-6-plhosphate dehldrogenase. Thlis finding of defi-
ciency in red cell dehydrogenase was confirmed1'i 17 and found to be
associated -w-ith a reduced capacity of these ervthrocytcs to oxidize
glucose to C02, as w\ell as a lowered rate of oxygen consumption -when
incubated in the presence of niethillene blue". Schricr and his co-
w\orkers reported that these crvdthrocytcs have increased concentratioIS
of the enzymes, glutatlione redtictasc1S and aldolase"' and of TPN2.
The most marked biochemical deviation from normal in the red cells

from sensitive subjects appears to be the decrease in glucosc-6-phios-
phate dehydrogenasc. The other alterations in the metabolism of these
erythrocytes could be secondary to the dehydrogcniase dcficicncyT.
Thus, the reduction in glucose-6- phosphate delhyrdrogenasc might be
associated w\ith a decreased rate of TPNIJ formation. A deficiency in
TPNH -would limit the rate of GSH generation and could account for
the apparent instability of reduced glutathilone. It has beein suggested
that the increase in glutatiione redUctase actixity nima represent a
compensatory phenomenon, providing for increased concentrationS
of TPN and for more efficient GSIJI formatioI1I2.

Substances Which May in7duce Henoly tic An7emias. The elucidation
of these biochemical abnormalities in erythrocytes of drug-sensitivc
subjects has not provided an explanation of the mechanism of the
increased hemnolvsis following the ingestiOn of various agcnlts. The list
of such agents associated witlh hicniolytic an1emia is ever increasing and
nowV includes nitrofturantoinl 12, sulfanilamide22' 2", acetanilid22, various
vitamin K substitutes24, plhcnacetin 2, naphthalen6'25, fava bcan'' 17 2, 2S
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and isolated cases have been observed associated w\Aith the ingestion of
para-amino salicylic acid, isioniazid and salicylic acid"+ 3.

Nitrofurantoin21, certain vitamin K analogues and the naphthaline
metabolites, y and /3 naplhthol24, have been demonstrated in vitro to lead
to a decrease in the reduced glutathione concentration but not henmo-
lysis of erythrocytes fromt drtug-sensitie individuals. However, sulfona-
mides and various preparations of the fava bean have not been shown
to heave similar in v'itro effcets2". Alving and his co-w\Norkers1 hlave
reported that administration of 30 m1g. primaquine base (twice the daily
therapeutic dose for vivax malaria) causes hiemnolysis in essentially all
subjects with drug-sensitive erythrocytes. It should be emphasized,
however, that subjects 'With deficient eryth rocyte glucose-6-phosphate
dehydrogenasc may ingest certain of these agents without any apparent
ill effeCts2"9' 30. In addition, patients who are unaffected by fava bean
ingestion developed hemolvtic anemia associated with sulfonamide
administration23. The occurrence of increased hemolysis may in part
be related to the dose of the potentially offending agent. In addition,
different mechanisms may be involved in the hemolytic anemias induced
by the different agents. It mayT be speculated that erythrocytes deficient
in TPNII generation may be particularly susceptible to hemolysis
because of reduced capacity to detoxifyT drug products or because of
deficient swnthetic processes, suclh as membrane lipid synthesis"'

Effect of Age on Erythrocyte Enzyme ActivLtity. It is possible that
some insight has been gained into a curious clinical aspect of the drug-
induced hemolytic anemias, namely, their tendency to be self-limited
and a function of cell age. It has been demonstrated in observations
on normal subjects, that glucose-6-phosphate dehvdrogenase activity
is high in young erythrocytes and decreases nmarkedlyT with the in7 vivo
aging of these cells:". Studies in subjects With erythrocyte glucose-6-
phosphate delyvdrogenase deficiencxr have revealed that the level of
this enzyimle is higher in young, compared w\ith old red cells3". The
enzyme has been assayed in red cells of control subjects and persons
w\lhose erythrocytes had intermediate (2.5 to 4 standard deviations
below the mean value for the control group) and low (less than 4
standard deviations below- the mcan for the control group) glucosc-6-
phosphate dehydrogenasc activities. lhe \vholc erNrthrocyte population
wvas separated into fractions of relatively young and old mean cell age
by a method of serial osmotic henIOlysisi l. In sul)jects whose whole
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RELATION OF G-6-PD. ACTIVITY

TO ERYTHROCYTE AGE

in subjects with normal and deficient enzymes.
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Fig. 2 The effect of age on the glucose-6-phosplhate dehydro-
genase activity of ervthrocvtes fro Silml) jects wvith normal, inter-
miediate and low levels of dehydrogenase in the whole erythrocyte
pol)ulation. The mean level of enzvime for normadl whole erythro-
cvte population is taken as e(qIual to 100 per cent. e11mean value
p)lis and minuis one stan(ldar( deviation aire rel)reseuted1 for thre
whole erythrocyte lpol)allation and youngest and ol(lest cell frac-
tions for each of the three groupss of suubjects studied. The per
cent activity is exl)resse(d as a per cent iif the mean va,'iltue for the
normal wh;ole erythrocyte p)optllaition (A of fraction/ A normal
W.E1P. mean). The methods employed to obtain these data are

indicated in thre text.

erythrocyte population wvas deficient in glucose-6-phosphate dehydro-
genase, the level of this enzyme in young red cells, though not equal
to normal levels, was distinctly higher than in old cells (Figure 2). No
evidence was obtained for an inhibitor of glucose-6-phosplhate dehy-
drogenase in hemolysates of erythrocytes deficient in this enzyme upon
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I iAM,: I

NCII)DENCE OF ERYBI11tOCY)FE,(1ICOSE-(6-PIOSPHIAlE J)EIIYi)l(-)
GENASE DEFICIENCY IN A RANOI)M PO()PULATION AND)

AMONG RELATL VES OF PROP()SITI

Random Pop~ulation 8 it/) e t tte tee(1 affectedl
otAal 6i6i6 7.3
Negroes 36il 13.0
Catlcasian :3()5 .7

Familv Studies

Relatives of '31 l)ro)oisiti 154 14.0

incubation with hcmolysates prepared from cells of normal subjects
or with purified glucose-6-plhosplhate dehydrogenase' 3. Thus, drug-
induced hemolysis may cease when the older cells, deficient in dehydro-
grenase, have been destroyed. The remaining red cell population wxould
1)e composed of young cells with higher levels of this enzyme and
presumably relatively resistant to hemolysis. This hypothesis remains
to l)e proved. It has been observed that following a drug-induced 11emo-
lytic episode, there is a rise in the level of ervtilrocyte glucosc-6-phos-
pilate dellNdrogenase coincident with a reticulocytosis"' .'4. Such
elevations in enzymie level have persisted for 40-80 days following the
return of the rcticulocytC count to within normal levels. Kimbro and
co-workers2' reported that readministration of nitrofurantoin at 35
and 75 days after the first course induced further henlolysis. However,
Flanagan and associates'4 observed that in a single subject, given 30
nilligranls of prinlaquine continuously for one year, no further detec-
able hemolysis occurred despite return of glucose-6-phosphate dehy-
drogenase to the pre-therapv loxv levels.

Genetic Studies. It is apparent that the identification of glucose-6-
phospilate deilydrogellasc deficiency anld lowvered concentrations of
reduced glutathione as important defects in ervthrocytes of drug-
sensitive subjects lhas not as vct provided an explanation for tile mech-
anism of tileir increased susceptibility to ilemolvsis. N>everthleless, they
have provided important tools for studying tile incidence and heredi-
tary aspects of this "error" in erythrocvte metabolisnl.

In addition to tile relatively 1 ligll incidence of tilis defect among
American Negroes'2 , it has been reported in Sephardic Jews'9,
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SEX DISTT 10tIBLTTN OF' St713,1 iECrs wni (LLTcF()E-(;-iP1 iOsPH.T1'E
DEHYDROGENNASE DEFICIENT RED) CILLS'

.Middle Low'Te

Males 8 62
Females 4t :3

INotes

1. This table includes sulbjects found to have erythrocytes deficient in glucose-0-
phosphate dehydrogenase in the random 1p)11ua1tion studv and amiong relatives of
I)ropositi.

2. Middle refers to erythrocvte glhucose-6-phosp)ha te (dehdyrogenase activitv betweeu
2.5 and 4 standard (leviations b)elow the mean for the control group).

:i. Low refers to erythrocvte glucose--6phosplhate (dehydrogenase activity more than I
standard deviatni(ns l)elow the mtean for the control group1).

Italians37, is primarily of Sicilian and Sardinian descent and subjects of
Greek descent'3' 17. In a random population of 666 subjects studied in
the San Francisco and Ncex York City areas, the observed incidence
of erythrocyte glucose-6-plhosphate delhxdrogcnase deficiency \vas 0.7
per cent among the Caucasians and 13.0 per cent among tile Negroes
(Table I). These findings are in general agreement with those of several
other xvorkers employing either the enzyme assay or thle "glutathione
stability test"7'2 14, 3(6, The bimlodal distribution of tills defect in a
random population study suggests that the trait is genetically deter-
mined. An hereditary determination of this trait is strongly indicated
by the finding of an incidence of 40 per cent among I-54 relatives of
3 ' propositi (Table I). A similar incidence of affected relatives of
drug-sensitive subjects was reported b)y Childs and co-xvorlcersai in
the Baltimore area and by Szeinberg and Sheba"'1 amiong Oriental Jexvs.
Observations by several investigators are compatible with the trait
being inherited as a sex-linked gene of intermediate dominance' :i 21) 36.
In families where the mother presented the abnormality, it w\vas passed
on to both the male and the fenmale child, whereas affected fathers
transmitted the defect only to daughters. \VithoUt exception, in 26
families studied to date, wve have observed no incidence of a male with
a low red cell dehydrogenase being born to a female with a normal
level. Among parents of affected subjects there is a striking prepon-
derance of mothers, 25 out of 29. These findings suggest that the trait
is transmitted by a gene linked to the female sex chromosome.
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TABIE III

DISTRIBUlITTJON OF ElIYTRIIlIOCYTE G;I .TCOSE-(6-1HOSPI IATE I)EIII)IDO-
GENASE ACTIVITY AXMONG A RIANDOM POPULATION OF NEGROES

Normal' Middle2 Low2

Male3 177 0 17
Fenmale 181 28 2

,Notes
1. Ervthrocyte glucose-6 -phosphate dehydrogenase activity amiong normials was found

to l)e 15.9 -+- 2.41 change in optical de'nsity units p)er gr-amnt of heinobglobinl.
2. See notes 1 and 2, 'Ialble 11.
3. (Catculatiom of yene frequeucy"':

Assuming the trait is sex-liniked, the genotyj)e frequency (q) in the inale popula-
tion will be e(qual to the gene frequency. 'The frequency of the trait among femnale
heterozvgotes (2 pq) ca;ln le calculated from the observed incidence of the male
heimizygote ((q .0971) in the male population (p) 1-q = .9029). This yields a
ca-flculated value for femmiale heterozygotes (2 p)(q) in the above population equal to
17.5 per (ent. The observed value was 16.3 per cent. The calculated and observed
values are not signiificantly different () »>> .05).

Subjects wvith low erythrocyte glucose-6-plhosphate dehydrogenase
may be divided into two groups on the basis of the severity of the
enzymatic deficiency. Subjects with intermediate levels of enzyme (2.5
to 4 standard deviations below the mean for the control group) are
predominantly affected females, whereas persons with low levels of
enzyme (more than 4 standard deviations below the mean for the
control group) are almost entirely males (Table II). It has been sug-
gested&6 that the low and intermediate enzyme levels represent the
homozygous and heterozygous states, respectively. However, we have
observed in one family a mother with a very lowv level of glucose-6-
phosphate dehydrogenase who gave birth to four normal sons. There
are alternative explanations for the sex distribution of affected subjects.
These include i) that the phenotypic expression is modified in the
female or 2) that we are dealing with a characteristic determined by
more than a single genetic defect, i.e., a genetically heterogenous trait.

The frequency of the trait among heterozygous females may be
predicted from calculations based on the incidence of nmale hemizygotes
in a population39. In this calculation, the assumption is made that the
trait is sex-linked. In a sex-linked trait, the genotype frequency among
nmales will equal the gene frequency. Such a calculation (Table III,
Note 3) indicates that there is excellent agreement between the pre-
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TAIBLE 1\

GL.UCOSE-6-PHOSPHATE D)EIIYI)RDoG-N/ASE ACTI VITY 1N LEULKOCYTES
(WVBC) AND) REI) CELLS (RBC) OF CON'TOL SUBJETS AND

PERSONS W\I'ii A 1)EFI(IENCY oF THIIS ENZYME IN
THEIR CIRCULATING ERYTI IROCYTES

Su b.;je t. NAumlber II, B C* R 1f C

Control 31 37.3 + 5.8 0.49 + 0.11
Deficient lRed Cell (3(G-6-P).** 14 :3(6.8 +- 1*. 0.07 + 0.01

f.Notes
*Tlle unit of enzyme activity is ex)resse(d as the change in optical density per minute
per 10' cells (A OD)/miin/109 cells). The itiean values )llus or iluinus one standard
(leviation are given in this tahle.

**(G-6(-P.D. is glucose-6-l)hosp)hlte dehvdrogenaise. All subjects included in this group
hald erN throcyte glucose-6-phosphate dehvdrogenase levels helow three standa r(d
(leviations of the imean for the control group.

dicted and actually observed incidence of loxv enzyme levels among
females. This finding suggests that the enzvnme assay provides a rela-
tively accurate tool for the detection of the heterozygous state and,
hence, the potential carrier of this defect.

The enzyme assay also affords a ready means of screening subjects
for an increased susceptibility to drug-induced hemolytic anemilias.
Pertinent to the use of such an in7 Vitro screening test are the observa-
tions of Alving and his co-workers12 that the "reduced glutathione
stability test" does not accurately reflect susceptibility to increased
hemolysis following primaquine administration. Although w\Ae have
found a high degree of correlation between the "glutathione stability
test" and the level of glucose-6-phosphate dehydrogeinase in erythro-
cytes, certain subjects were observed w\hose enzyme activity was de-
creased, yet whose in vitro glutathione stability test was within normal
levels'3. Further evaluation of erythrocyte glucose-6-phosplhatc dehy-
drogenase activity as an index of susceptibility to increased hemolvsis
must aNwait studies correlating in vitro assavs of red cell glucose-6-
phosphate dehydrogenase with drug-induced hemolytic episodes.

Enzymne Activity in Tissues of Subjects with Glucose-6-Phosphate
Dehydrogenase Deficient Ery throcy tes. G lucose-6-phosphatc dchydro-
genase has been assayed in leukocytes of subjects whose erythrocytes
are deficient in this enzyme40. Thlc level of dchydrogenase in the
leukocytes from these subjects did not differ from that in the wvhite
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cells of normal subjects (Table IV). In addition, a subject whose
erythrocyte glucose-6-phosphate dehydrogenase was markedly defi-
cient was not found to have a similar decrease in his liver enzyme
activity. These findings are relevant to the question of the relationship
between the genetic defect and the phenotypic expression which is
measured as the level of glucose-6-phosphate dehydrogenase. If a
suppression in the synthesis of this enzyme was the direct effect of the
abnormal gene, all tissues of the affected subject would be expected
to exhibit a similar enzyme deficiency. Accordingly, these data suggest
that erythrocyte glucose-6-phosphate dehydrogenase is not a primary,
but rather is a more remote consequence of the presence of a genetic
defect.

Summary of Current Concepts of "Drug-induced" Hemolytic
Anemias:

i. Drug-induced hemolytic anemias are associated with certain
intrinsic defects of erythrocyte metabolism, chief among which
may be a deficiency in glucose-6-phosphate dehydrogenase.

2. Detection of susceptible individuals, as well as genetic carriers,
is possible by assay in vitro of glucose-6-phosphate dehydro-
genase levels in red cells and perhaps, with a lesser degree of
accuracy, erythrocyte reduced glutathione stability.

3. The defect in erythrocyte metabolism seems to be determined
genetically and may be transmitted as a sex-linked trait of inter-
mediate dominance. The nature of the primary effect of the
abnormal gene is unknown.

4. The mechanism of the hemolytic anemia remains to be elucidated.

CONGENITAL GALACTOSEMIA

The genetically determined defect in the metabolism of the erythro-
cytes of subjects with galactosemia reflects an enzymatic deficiency, the
consequences of which are not restricted to the erythrocyte, as may be
the case for the defect in the drug-sensitive hemolytic anemias. Galac-
tosemia is a congenital and hereditary disorder, characterized by diffi-
culty in the metabolism of ingested galactose or milk. Ingestion of
galactose by these patients is associated with the development of im-
paired function of the liver and spleen, of cataract formation, and of
mental retardation41. The laboratory usually reveals marked galac-
tosuria and an abnormal galactose tolerance test. As the disease pro-
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gresses, hepatic insufficiencv and evidence of renal functional impair-
ment are frequent complications. The elimination of galactose from the
diet may lead to improvement and even disappearance of symptoms.

Galactose Mlletabolism. The metabolism of galactose involves the fol-
lowing series of reactions42' *:

i) galactose + ATP galactokinase galactose-i-phosphate + ADP.

gralactose- I-phosphate
2 ) galactoSc- i -plosplate + UI)PG

urxrdil transferase
UDPGal + glucose- I -phosphate.

3) UDPGal epimerase U7DPG.

Galactose is phosphorylated to form galactose-i-phosphate in a reaction
catalyzed by an enRzymne called galactokinase and requiring, as a source
of high energy phosphate, ATP. In reaction 2, galactose-i-phosphate
is converted to glucose- i-phosphate. This reaction involves, as a co-
factor, UDPG. The resulting glucose-i-phosphate is not derived di-
rectly from galactose-i-plhosphate. The glucose-i -phlosphlate is formed
from UDPG and galactose-i-phiosplhate becomes attached to the nulcleo-
tide resulting in UDPGal. The enzymiie catalyzing this reaction is
referred to as galactose-i-phosphate urydil transferase. In reaction 3,
UDPGal may be directly converted to UDPG. The only structural
difference between thle two hexoses, galactose and glucose, is in the
orientation of the hydrogen and hydroxyl groups about the fourth
carbon atomi. The mechanism of rcaction 3 is believed to involve the
removal of two hydrogen atomis fronm the fourth carbon atomI of thle
exose, preStibll v forllming a ketone derivative. These two hy/drogen

atoms may then be returned to the hexose with the formation of thle
opposite compound or epimere UI)PCj, when the starting compound
is UDPGal. The enzyme catalyzing this reaction is called epinmerasc.
The net result of this series of reactions is to permit the entrance of
galactose into the general carbolhdrate metabolism byT converting it
to glucose-i-phosphate and providing for the rcgeneration of the neces-
sarv co-factor, tUDPG).

E7nz---yme Defect iii Galactoseinia. In I956 Schw\A-arz and his cO-
w\xorkers43 reported that feeding of galactose or milk to infants with

* \lhrevialtions emplloyed: ATP, aden osinte triplhosdulate; uri)d1i.oriliioe diliospihate glucose;
ITI)1(;i, 01iuliine idihosphatl e gawldt(tot e; FTTP. u1rlidinc tripluliosp te,
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1A\11B EV

ENZYME ACTivrTy IN ERIYTHRIOCYTES OF SUBJECTS WITH
CONGENITAL GALACTOSEMIA4'

fu holes/qm1hr.
W(loettosem ia

Enzmye iJorm(l (1? (u(tses)

(Gn inctoksimise 0.12 0.10
al;hctose-1-Plhosphate Urydil Transferase 0.75 0.0()
Epitierase 0.32 0A(

congenital galactosennia was associated with the accumulation of galac-
tose-i-phosphate in their red cells. Such an accumulation did not occur
in erythrocytes of normal subjects. These observations were confirmed
and extended by Kalckar, Anderson and Isselbacher44 who demon-
strated that erythrocytes from galactosemic subjects incubated in vitro
with galactose accumulated galactose-i-phosphate while red cells from
normal subjects did not. These investigators suggested that the defect
in galactosemia might reside in the enzyme catalyzing reaction 2,
urydil transferase. A deficiency of this enzyme could account for the
accumulation of galactose- i-phosphate following administration of
galactose.

Employing specific assays for the three enzymes catalyzing reactions
i through 3, it was demonstrated that only the enzyme, galactose-i-
phosphate urydil transferase, was deficient in erythrocytes from galac-
tosemic subjects compared to those of normal controls (Table V)45.

Identification of this specific enzymatic defect in erythrocytes of
galactosemic subjects provides a specific and relatively easy diagnostic
test for this condition. The enzyimatic assay avoids any hazard involved
in the galactose tolerance test. In addition, it can be done at birth, on
a small amount of blood.

Genetic Studies. Unlike the findings in subjects 'With erythrocyte
glucose-6-phosphate dehydrogcnase deficiency, two persons wvith con-
genital galactosemia have been demonstrated to lack the transferase in
liver tissue in addition to red cclls'7. Thus, the present data arc com-

pati'blc with galactoscmia beciig due to a hereditary defect in which tile
primary action of the gene may be a suppression of synthesis of galac-
tose-i-phosphate urydil transfcrasc.

Bull. N. Y. Acad. Med.
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The frequent occurrence of galactosemilia among sibs and offspring
of consanguineous matings together w-ith its equal distribution in both
sexes has suggested that galactosemia is probably transmitted as a single
autosomal recessive gene. The disease is presumably clinically apparent
only in the homozygous state. It would be expected that if galactosemia
were inherited as a recessive gene, both parents should be heterozygous
and although clinically asymptomatic might give evidence of a defi-
ciency in galactose-i-plhosplhate urydil transferase. On the basis of both
galactose tolerance tests48 and assays for the enzyme4"', it would
appear that some parents of galactosemic children have a detectable
impairment in galactose metabolism and others do not. This failure to
detect impairment among some subjects wvho are presumably heterozy-
gous for the galactosemic defect may merely reflect a degree of varia-
tion in the level of enzyme with a distribution curve among heterozy-
gotes that overlaps, on the high side, that of normal subjects. It has
also been suggested49 that these findings might be due to the presence
of a suppressor gene or the fact that more than one genetic defect may
cause the clinical picture of congenital galactosemia.

Mechanism of Symptomatology and Improvement with Age. The
demonstration of a deficiency in galactose-i-phosplhate urydil trans-
ferase in patients with congenital galactosemia neither explains the
mechanism of the varied symptomatology of this disease, nor the curi-
ous clinical observation that patients with congenital galactosemia gen-
erally improve with age. This improvement is associated with an
increased ability to metabolize galactose, as reflected in an improvement
in their galactose tolerance testl.

Studies in animals suggest that the accumulation of galactose-I -
phosphate may be toxic and lead to abnormal neurological manifes-
tations32. In addition, there is evidence to indicate that the accumulation
of galactose- i-phosphate may interfere with glucose utilization and
lead to metabolic derangements which may have relevance to the
cause of the clinical symptoms. Thus, galactose-i-phosphate has been
found to inhibit in vitro, the enzymes, phosphoglucomutase54' and
glucose-6-phosphatase46. It also has been found that mutants of Esclher-
ichia coli which accumulate galactose-i-phosphate due to lack of galac-
tose-i-phosphate urydil transferase show retardation of growth in the
presence of galactose plus glucose compared to their growth in the
presence of glucose without galactose 3.
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The improved galactose metabolism in patients associated with in-
creased age, may be explained on the basis of the recent demonstration
by Isselbaclher';" that there is an additional pathw\Nay of galactose mnctabo-
lism which permits the incorporation of galactose into uridine diphos-
phate galactose and, in turn, to form glucose derivatives. This pathway
involves the direct conversion of galactose- I-phosphate to uridine
diphosphate galactose by reaction wsith the nucleotide, uridine tri-
phosphate:

UTP + galactose-i-phosphate UDPGal pvroplhosplhorylase

UDPGa1 + pyrophosphate.
It has also been found 7 that UDPGal pyrophosphorylase is very loxv
in fetal and neonatal tissues compared with adult tissues. Further, in
normal tissue the activity of this enzyme is only about one-sixth of
that of the galactose- I-phosphate urydil transferase. Thlius, it would
appear that in normal subjects the galactose-i-phosphate urydil trans-
ferase pathw\av is the one of primary importance. How\Never, in galac-
tosemic patients who appear to lack. this enzyme, the observation that
the alternate pathway of galactose metabolism may increase in activity
associated with aging could explain the improvement in symptoms in
galactosemic patients as they grow older.

Summ7177ary of CurreCnt Concepts of Galactosenmia.
i. Galactosemia appears to be a congenital disease associated with

a specific enzymatic defect, galactose-i-phosphate urydil trans-
ferase deficiency.

2. The identification of this specific enzyme defect in erythrocytes
provides a simple diagnostic tool for the detection of this Syn-
drome.

3. The symptomatology associated with galactosemia may be re-
lated to the accumulation of galactose-i-phosphate in the tissues.

4. The improvement in galactose tolerance test and synmptoma-
tology with age may be referable to the development and utili-
zation of an alternate pathway of galactose metabolism.

Drug-induced hemolytic anemia and congenital galactosemia are
only two examples of genetically determined defects in metabolism
wvhich are reflected in biochemical alterations in the readily accessible
erythrocyte. Undoubtedly, this is a fertile field for further investigations
in the area of "in-born" errors of metabolism.
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